Abstract. Cell-based adoptive immunotherapy for the treatment of various cancer types has attracted the attention of scientists. However, due to the absence of unitary standard protocols to produce large quantities of clinical-grade effector cells, it remains challenging to translate the experimental findings into clinical applications. The present study used methods complying with good manufacturing practice to induce effector cells from human peripheral blood mononuclear cells (PBMCs) of healthy donors by interleukin-2 and anti-Her-2 antibody with or without anti-CD3 antibodies (OKT3). The results indicated that the addition of OKT3 resulted in a greater expansion of the total cells and CD8 + T cells, and primarily induced the PBMCs to differentiate into CD3 + T cells. Regardless of the presence of OKT3, the expression of activating receptor of natural killer (NK) group 2, member D, and the inhibitory receptors of CD158a and CD158b on NK cells and NKT cells was increased, while the expression of NKp46 was inhibited on NK cells, but not on NKT cells. Furthermore, OKT3 did not affect the toxicity of the effector cells. Subgroup analysis indicated that although a variation of the composition of effector cells was present in different individuals under identical culture conditions, consistent marker expression on effector cells and target cell-killing effects were observed in different subgroups treated with or without OKT3. Furthermore, western blot analysis indicated that OKT3, apart from its involvement in cell cycle regulation, affects transcription and protein translation during processes of proliferation and differentiation. The present study provided experimental data regarding the production of effector cells for adoptive immunotherapy as a clinical application.
Introduction
Adoptive immunotherapy is considered a promising treatment for cancer patients (1) . Patients' own immune cells are collected and induced ex vivo to proliferate and differentiate into effector cells with increased quantity and antitumor effects, and then re-administrated to the patients via infusion. Effector cells prepared ex vivo for infusion include non-specifically activated lymphocytes, including natural killer (NK) cells (2) , cytokine-induced killer (CIK) cells (3), NKT cells, tumor antigen-specific T cells, including chimeric antigen receptor-engineered T cells (CAR-T) (4) and T cell receptor engineered T cells (5) . Although a recent study has demonstrated the efficacy of CAR-T therapy in treating hematologic malignancies, their effects on solid tumors are far less known (6) .
Adoptive non-specific immune effector cell infusion has an important role in the treatment of a variety of solid tumor types. NK cells (CD3 -CD56 + ) are effectors of innate immunity in peripheral blood, spleen, bone marrow, intestine, liver and uterus (7) . They migrate to lymph nodes and secondary lymphoid organs to build the first line of defense against invading pathogens as well as to provide antitumor immune responses (8) . Receptors on the NK cell surface interact with ligands on tumor cells without restriction by the major histocompatibility complex (MHC). NK cells recognize and kill tumor cells, targeting them based on a reduced or absent expression of human leukocyte antigen class I molecules (9) .
CIK cells are generated ex vivo from peripheral blood mononuclear cells (PBMCs) using anti-CD3 antibodies (OKT3) and various cytokines. Expanded 
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consistent with the high level of effector CD8 + T cell cytotoxic activity (11) . CIK cells differ from NK cells in that they do not mediate antibody-dependent cell-mediated cytotoxicity (ADCC). Alternating infusions of CIK and NK cells provide an enhanced synergistic antitumor immunity compared to adoptive immunotherapy with CIK cells alone (12) . Innate immune cells function to support adaptive immune responses by enhanced direct tumor cell cytolysis and optimal antitumor T-cell activity (13) .
Within the current regulatory paradigm, clinical translation of adoptive immunotherapy requires good manufacturing practice (GMP)-compliant processes to produce clinically relevant quantities of antitumor immune effectors. In this respect, clinical-grade CIK cells may be expanded ex vivo under relatively simple and low-cost GMP-compliant culture conditions, which offer important advantages over other cell therapy products, including NK cells, tumor-infiltrating lymphocytes and CAR-T. The major challenge with NK cell immunotherapy has been to obtain large quantities of NK cells with high purity. At present, the source of precursor cells, the collection methods, quality control and evaluation of treatment outcomes vary among laboratories (14) . Certain protocols rely on the use of feeder cells to promote the proliferation of NK cells (15) (16) (17) (18) . However, these methods may be restricted by GMP guidelines, which hinder the clinical application of NK cells in immunotherapy (19) .
Trastuzumab (TTZ, Herceptin ® ) is a human anti-HER-2 monoclonal antibody used for treating breast cancer, metastatic gastric adenocarcinoma and adenocarcinoma of the gastroesophageal junction (20) . TTZ bears two antigen-specific sites that bind to the extracellular domain of the HER2 receptor and that prevent the activation of its intracellular tyrosine kinase (21) . The remainder of the antibody is human immunoglobulin (Ig)G with a conserved fragment crystallizable (Fc) portion. Preclinical studies using models suggested the contribution of ADCC to the therapeutic benefit of TTZ. ADCC occurs when antibodies bind to antigens on tumor cells and the Fc domains of the antibody recruit Fc receptor-bearing effector cells, including NK cells and macrophages (22) . Manipulations of the Fc domain structure may optimize antibody clearance and the interaction of Fc domains with cellular Fc receptors (23) . Furthermore, immobilization of TTZ increased the number of PBMCs from 5 healthy donors after 48 h of culture, which indicated that this technique is effective for culturing cells for immunotherapy (24) .
The present study investigated the proliferation of PBMCs derived from 22 healthy donors, their expression of activating and inhibitory receptors and the cytotoxicity in effector cell culture using large-scale ex vivo GMP-compliant culture systems based on anti-HER-2 antibody in order to optimize the culture conditions for clinical-grade effector cells.
Materials and methods

Study design.
Following the attainment of informed consent, fresh heparinized peripheral blood samples were collected from 22 healthy donors (13 males and 9 females; median age, 34.5 years; age range, 22-68 years). PBMCs were isolated by density gradient centrifugation in lymphocyte separation medium (GE Healthcare, Little Chalfont, UK) according to the manufacturer's protocol. The PBMCs from all 22 healthy donors were cultured in one of the expansion systems listed below. Cell proliferation, phenotype, expression of NK cell receptors and cytotoxicity against target cells were compared between the two systems.
Effector cell expansion system. In brief, PBMCs were cultured in effector cell expansion systems (system A or system B). Cells were suspended in 20 ml ALyS505NK-AC culture media (Center for Stem Cell Therapeutics and Imaging, Inc., Sendai, Japan) containing 1,000 IU/ml interleukin 2 (IL-2; Sansheng, Jiangyin, China) and 1% autologous heat-inactivated plasma. All cells were then inoculated into 75-cm 2 culture flasks coated with 0.48 mg/ml anti-HER2 monoclonal antibody (GTIN: 07640149610680; Genentech Inc., Roche, San Francisco, CA, USA) at a concentration of 2x10 6 cells/ml and incubated for 5 days. The modification of system B was the addition of anti-CD3 antibody (cat. no. 170-076-116; Miltenyi Biotec, Bergisch Gladbach, Germany) to the media at a concentration of 50 ng/ml on day 1. In the two systems, cells and media were transferred to a gas-permeable cell culture bag (Nipro Corp., Osaka, Japan) with 200 ml ALyS505NK-EX culture media containing 1,000 IU/ml IL-2 on day 5 and cultured for another 8 days. The media were changed every 2-3 days.
Flow cytometry. Aliquots of cells were incubated for 15 min at room temperature (20-25˚C) 
Re-stimulation of CD8 + T cells and NK cells with soluble anti-CD3 and IL-2. CD8
+ T cells and NK cells were purified from the cultured cells harvested on day 9 from system B using a human CD8 + T cell enrichment kit (cat. no. 19053; Stemcell Technologies, Inc., Vancouver, BC, Canada) and a human NK cell enrichment kit (cat. no. 19055; Stemcell Technologies, Inc.), respectively. Purified CD8 + T cells and NK cells were either cultured with medium alone or re-stimulated with IL-2 (1,000 IU/ml), or with anti-CD3 (50 ng/ml) and IL-2 (1,000 IU/ml) for 24 h prior to being harvested for western blot analysis.
Western blot analysis. Cells were harvested and washed twice with PBS. The cell pellets were lysed with sample buffer (62.5 mM Tris-HCl, 10% glycerol, 10% (w/v) SDS, 1 mM phenylmethylsulfonyl fluoride and 50 mM dithiothreitol) and sonicated for 6 min on ice to shear DNA and reduce sample viscosity. Cell lysates were cleared by centrifugation at 9600 x g for 5 min at 4˚C. The protein concentration was measured by means of a bicinchoninic acid protein assay reagent kit (Pierce; Thermo Fisher Scientific, Inc.) to ensure equal loading. Lysates (30 µg/lane) were subjected to 6-12% SDS-PAGE gel and transferred to a nitrocellulose membrane. Blots were blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 2 h at room temperature. The membranes were incubated overnight at 4˚C with different primary antibodies. 
Statistical analysis.
Values are expressed as the mean ± standard error of the mean. Differences between groups were assessed for statistical significance by the Mann-Whitney test or paired Student's t-test depending on the distribution of the data. One-way analysis of variance and Tukey-Kramer multiple comparisons post hoc test were applied when comparing more than two groups. SPSS software (version 22; IBM Corp., Armonk, NY, USA) was used for all statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results
Expansion and immunophenotypic characterization of effector cells. At 14 days after induction, the median expansion of the cultured products from 22 healthy donors was 80-fold (range, 18.5 to 125-fold) and 147.50-fold (range, 64.0-to 205-fold) in system A and system B, respectively. The mean expansion fold of total cells as well as CD8 + T cells in system B was significantly greater than that in system A (P<0.01; Fig. 1 ).
Additional phenotypic analysis revealed that the percentages of CD3 + T cells, CD3 + /CD8 + T cells and CD3 + /CD4 + T cells in the final products of system B were significantly higher than those of system A. By contrast, the percentages of NK (CD3 -/CD56 + ) and NKT (CD3 + /CD56 + ) cells in system B were significantly lower than those expanded in system A ( Table I) .
Expression of cell surface receptors on NK and NKT cells.
In the present study, three-color fluorescence flow cytometry was used to analyze the phenotyping difference induced in system A and B by verifying the expression of activating and inhibitory NK cell surface-associated receptors on NK cells ( Fig. 2A ) and NKT cells (Fig. 2B) .
The results demonstrated that, compared with the pre-culture conditions, the percentages of NK cells expressing NKG2D, an NK-activating receptor, had significantly increased in the two systems by day 14. By contrast, the percentage of NK cells expressing NKp46, another NK-activating receptor, was significantly decreased. However, the expression of the inhibitory receptors CD158a and CD158b also increased post-induction in the two systems, as presented in Fig. 2A . Of note, compared with baseline, the expression of CD94/NKG2A, an inhibitory receptor, was not changed on day 14 in either of the two systems.
The expression of these NK-activating/inhibitory receptors was also investigated in the subgroup of NKT cells. Of note, although the percentages of NKG2D + NKT cells increased as they did in NK cells, there was no marked change in the percentage of NKT cells expressing NKp46. In addition, the percentages of NKT cells expressing CD94/NKG2A on day 14 were opposite in the two systems [from 56±19 to 65±16% in system A and from 56±19 to 43±16% in system B (P<0.01 for each; Fig. 2B)] . Furthermore, the expression of CD158a increased in the two systems, while CD158b increased in system A only (Fig. 2B) .
Cytotoxicity of expanded effector cells against the K562 cell line. In the present study, K562 cells were used as target cells and an LDH assay was applied to verify the in vitro cytotoxicity on effector cells post-expansion in systems A and B. When the ratio of effector cells vs. target cells was 20:1 and 10:1, strong cytotoxicity of effector cells against target cells was detected in the two systems, however, there was no significant difference between the two systems (Fig. 3) . Signaling pathways involved in cell proliferation and differentiation. In a previous study, immobilized TTZ was revealed to be effective in enhancing the growth of CD3-LAK cells and increasing the numbers of NK cells and γδ + T cells (18) . According to these published results, the present study established two large-scale ex vivo GMP-compliant culture systems based on immobilized TTZ and revealed that the addition of OKT3 in system B increased the expansion folds of total cells as well as CD8 + T cells compared with those in system A. However, there was no significant difference in the expansion folds of NK cells between the two systems (Fig. 1) .
To explore different mechanisms involved in the proliferation of specific cell subsets, the present study analyzed the relevant protein expression and phosphorylation in the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) and phosphoinositide-3 kinase (PI3K)/AKT/p70S6K1 signaling pathways in isolated CD8 + T cells or NK cells re-stimulated by IL-2 or a combination of IL-2 and OKT3. The results demonstrated that IL-2 re-stimulation decreased the expression of JAK3 in CD8 + T cells, and subsequent incubation with OKT3 enhanced this decrease. Furthermore, the combination of IL-2 and OKT3 decreased the expression of JAK3 in NK cells. Of note, although the expression of STAT3 phosphorylated at T705 was enhanced by IL-2, additional treatment with OKT3 reversed this increase in CD8 + T cells and NK cells. However, the expression of STAT3 did not show any change with IL-2 or, IL-2 and OKT3 in CD8 + T cells and NK cells. Notably, although IL-2 reduced STAT5 expression, and phosphorylation at T694 in CD8 + T cells and NK cells, no marked change was observed following addition of anti-CD3 mAb. These results indicated that IL-2 stimulated transcription by downregulating the expression of JAK3 in CD8 + T cells, and the phosphorylation of STAT5 at T694 in CD8 + T cells and NK cells, while upregulating of the phosphorylation of STAT3 at T705. Furthermore, OKT3 was involved in regulating transcription primarily through inhibiting the JAK3/STAT3 (T705) pathway (Fig. 4A) .
The proliferation of CD8 + T cells and NK cells appeared to be associated with cyclin D3 and cyclin B1, since the expression of cyclin D3 was markedly upregulated by IL-2 re-stimulation, while the expression of cyclin B1 was downregulated following addition of OKT3. Although cyclin D3 is a target of the cyclin E/cyclin-dependent kinase (CDK)2 complex via p27Kip1 (25), the proliferation was possibly not dependent on the cyclin E/CDK2 complex, since the expression of p-CDK2 (T160) did not exhibit any change with IL-2 in CD8 + T cells and NK cells. However, the combination of IL-2 and OKT3 decreased the phosphorylation of CDK2 at T160 in NK cells (Fig. 4B) .
The regulation of protein translation was also investigated via the PI3K/AKT/p70S6K1/S6 axis. IL-2 increased the phosphorylation of PI3Kp85 at Y458 and decreased the phosphorylation of AKT at S473. Similarly, the phosphorylation of p70S6K1 at T389 and S6 at S235/S236 and S240/S244 was upregulated by IL-2 re-stimulation. Of note, additional incubation with OKT3 reversed the upregulation of the phosphorylation on PI3K p85 and S6, but reduced the phosphorylation of AKT at S473. Notably, the addition of OKT3 enhanced the phosphorylation of p70S6K1 at T389 in CD8 + T cells but not NK cells (Fig. 4C) .
These results indicated that during the process of proliferation and differentiation of PBMCs, apart from regulating the cell cycle, OKT3 was typically involved in the regulation of transcription and protein translation. 
in the CD8PG group was significantly higher than that in the NKPG group in system A as well as in system B (Fig. 5A) . Although in system B, no significant difference was present between the CD8PG and CD8+NKBG groups, the percentage of CD3 + cells in the CD8+NKBG group was still significantly greater than that in NKPG group in system A. The percentage of CD3 + /CD4 + cells did not exhibit any difference between different subgroups in system B, although in system A, it was higher in the CD8+NKBG group compared with that in the NKPG and CD8PG groups (Fig. 5B) . Differences in the percentages of CD3 + /CD8 + and CD3 -/CD56 + cells were consistent between the two systems, since in the CD8PG group, CD3 + /CD8 + cells were significantly enhanced compared with those in the other two groups (Fig. 5C) , while CD3 -/CD56 + cells predominated in the NKPG group (Fig. 5D) . Furthermore, no difference was observed in the percentage of NKT (CD3 + /CD56 + ) cells between different subgroups in either system (Fig. 5E) . These results assured that the major subset of effector cells expanded from different subgroups was consistent between the two culture systems.
Additional comparison of the expression of activating (NKG2D + and NKp46 and NKT cells derived from different individuals indicated that no significant difference was present among the three groups following the expansion in systems A and B (data not shown). Similarly, no substantial difference in cytotoxicity of the expanded effector cells was identified among the three subgroups in either system (Fig. 6 ).
Discussion
Large quantities of activated effector cells are required for successful adoptive immunotherapy. The present study aimed to optimize the ex vivo expansion systems for clinical-grade effector cells. Two large-scale ex vivo effector cell culture systems were established, in which PBMCs derived from healthy donors were stimulated with HER-2 antibody or co-stimulated with HER-2 antibody and anti-CD3 antibody. It was revealed that HER-2 antibody stimulus promoted the preferential proliferation of NK cells. It is known that NK cells recognize tumor cells through Fcγ receptors combining with Fcγ of TTZ on tumor cell surfaces, and then kill the tumor cells via ADCC effects (26) (27) (28) (29) (30) . A TTZ coating on the surface of culture flasks may recruit NK cells from PBMCs via Fcγ to activate NK cells and promote NK cell proliferation. This effect may be similar to the role of feeder cells. OKT3 has been commonly used in PBMCs to induce the proliferation of NK cells, suggesting that OKT3 does not only induce T-cell proliferation but also promotes T-cell generating cytokines that support NK cell proliferation (31) . However, in the present study, OKT3 co-stimulation evidently enhanced the expansion of the total cells, but primarily induced PBMCs to differentiate into CD3 + T cells, as the proportion of CD3 + CD8 + and CD3 + CD4 + T cells was higher in the HER-2 and anti-CD3 antibody co-stimulation system.
The signaling pathways involved in the proliferation and differentiation of PBMCs induced by OKT3 co-stimulation were investigated. A previous study demonstrated that after 168 h of induced activation of PMBCs via anti-CD3 monoclonal antibody, they responded to re-stimulation by anti-CD3 monoclonal antibody. IL-2 and IL-2Rβγ are known combine to activate JAK, thereby activating the three downstream signaling pathways STAT, PI3K-AKT and MAPK (32) . The present study indicated that IL-2 stimulation promoted the proliferation of CD8 + T cells and NK cells via the PI3K/p70S6K1 signaling pathway, while the stimulation effect of anti-CD3 monoclonal antibody on cell proliferation was relatively weak. Therefore, anti-CD3 monoclonal antibody may primarily serve as an inducer of cell differentiation. Stimulation by addition of OKT3 may enhance total cell proliferation through stimulating the secretion of growth-associated cytokines.
The cytotoxicity of NK cells and NKT cells is determined by the balance of signals from activating and inhibitory receptors on the effector cell surface. NKG2D was first reported to be an activated receptor of NK cells. It is not only expressed on the NK cell surface, but also on NKT-cells and γδ + T cell subsets (33) (34) (35) (36) . In vitro studies have demonstrated that binding of NKG2D and its ligands provides signals for NK cell activation and co-stimulatory signals for T-cells (35, 37, 38) . Through the binding of MHC class I chain-related molecule (MIC)A, MICB or human cytomegalovirus glycoprotein UL16 binding The results of the present study indicated that although the effector cell phenotypes of PBMCs derived from different individuals varied in systems A and B, the expression of a variety of activating and inhibitory receptors of harvested NK and NKT cells were not different based on which system was used. Despite the different phenotypic characteristics, effector cells generated in the two culture systems had similarly strong cytotoxicity against tumor cells, which may be interpreted in the light of the results of in vivo and in vitro studies reporting that NK cells continuously promoted the response of CD8 + T cells (45, 46) . A clinical study also confirmed that a high proportion of CD3 + /CD8 + T cell subsets in CIK cell transfusion was associated with improved the overall survival rate in patients with hepatocellular carcinoma, lung cancer and colorectal cancer (47) .
The present study revealed that PBMCs derived from different individuals exhibited three distinct proliferation and differentiation patterns under the same culture conditions. This phenomenon was reported in a previous study demonstrating that PBMCs derived from healthy donors had a high proportion of NK cells and a relatively low proportion of CD3 + T cell following the in vitro expansion; however, no other subgroup analysis was performed (31) . It was reported that the number of harvested NK cells in the culture was associated with the number of NK cells in the peripheral blood sample originally drawn (48) . By contrast, the proportion of NK cell subsets in the NKPG group prior to in vitro culture was not significantly different from that in the other two groups of the present study. Thus, the significant NK cell proliferation in the NKPG group was unlikely to have been caused by the high proportion of NK cell subsets in PBMCs prior to the in vitro culture, but may have been associated with the genetic background of the population, such as the expression of NK cell surface Fcγ receptors.
In conclusion, the two in vitro GMP-compliant culture systems used in the present study effectively induced the activation, proliferation and differentiation of immune effector cells. The method of TTZ immobilization was easy and safe to operate without the requirement of feeder cells to induce NK cell expansion from unselected PBMCs. Addition of OKT3 promoted the total cell proliferation and primarily induced the PBMC to differentiate into CD3 + T cells. Thus, the present study provided GMP-compliant methods for the generation of large-scale clinical-grade effector cells for adoptive immunotherapy. However, the composition of produced effector cells varied largely among the donors, which must be taken into consideration when a high purity of specific cell subset is required for treatment. The mechanisms underlying variations among donors require additional investigation.
